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of several reactions that lead to embryonic development in all animals. Most animals exhibit 27 monospermy, in which a single sperm has the ability to activate the reaction important for 28 early development (Swann 1996; Stricker 1999; Runft et al. 2002; Yanagimachi 2005) . 29
Conversely, the simultaneous fertilization of an egg by two or more sperm is a lethal 30 condition leading to aneuploidy and developmental arrest. Polyspermy in humans mostly 31 results in spontaneous abortion. Although the birth of triploid or tetraploid children has been 32 reported, severe malformations and multiple abnormalities are associated with polyploidy 1 births (Uchida and Freeman 1985; Sherard et al. 1986; Shiono et al. 1988 ; Roberts et al. 1996; 2 Dean et al. 1997; Sun 2003) . On the other hand, several sperm have been observed in porcine 3 eggs at a high incidence under physiological conditions or in vitro fertilization (Sun and Nagai 4 2003) ; however, porcine egg cytoplasm has the ability to remove successive sperm (Xia et al. 5 2001) , such that some polyspermic pig eggs may develop to term if successive sperm do not 6 interrupt the diploid zygotic genome (Han et al. 1999) . Polyspermic fertilization in this 7 species is an extraordinary case, and, in most cases of monospermic fertilization in mammals, 8 defenses against polyspermy are rapidly established after penetration of the first sperm 9 (Galeati et al. 1991; Yanagimachi 1994) . 10
The number of sperm reaching the egg surface is reduced during passage through the female 11 reproductive tract and the egg extracellular matrix, zona pellucida, jelly layer, and vitelline 12 envelope. In mice, only 100 or 200 out of the 50 million sperm ejaculated were previously shown 13 to reach the ovulated egg (Wassarman 1994) . Although the possibility of the penetration of 14 multiple sperm into an egg decreases at fertilization, eggs still remain at risk of polyspermy. 15 Therefore, most eggs have established a membrane block and zona pellucida block in order to 16 prevent polyspermy (Yanagimachi 1994; Abbott and Ducibella 2001) . Following sperm 17 penetration, the rapid and transient depolarization of membrane potential at the level of the plasma 18 membrane (membrane block) is elicited in order to prevent the fusion of additional sperm in the 19 frog, Xenopus laevis, and several marine invertebrates (Jaffe and Gould 1985; Gould and 20
Stephano 2003). This change in membrane potential is not observed in fertilized mouse, hamster, 21 rabbit, or bony fish eggs, in which the membrane block employs a different mechanism to changes 22 in membrane potential (Nuccitelli 1980 Although the structure and molecules involved in the zona reaction differ among species, this 27 reaction makes the zona pellucida refractory to the binding and fusion of a second sperm (the zona 28 reaction), which is common to all vertebrate species (Wong and Wessel 2006 ). An egg must 29 recognize the binding and fusion of the first fertilizing sperm and rapidly establish a polyspermy 30 block. Therefore, the fertilizing sperm must immediately activate and propagate a signal cascade 31 throughout the whole egg. Although the molecular mechanisms underlying the activation of a 32 4 polyspermy block have not yet been elucidated in detail, fertilization-mediated Ca 2+ release from 1 intracellular stores and the activation of protein kinase C (PKC) are known to be involved in the 2 establishment of two different polyspermy blocks (Sun 2003; Gardner et al. 2007 ). 3
The eggs of some species, including ctenophores, elasmobranchs, urodele amphibians, reptiles, 4 and birds, physiologically permit the penetration of more than one sperm into the ooplasm at 5 fertilization (Elinson 1986; Iwao 2000; Wong and Wessel 2006; Snock et al. 2011; Mizushima 6 2012) . Unlike monospermic eggs, neither a membrane block nor intracellular organelles similar 7 to cortical granules have been observed in these polyspermic eggs; therefore, there is no block 8 against the entry of a second or more sperm after the first sperm is incorporated into the egg 9
cytoplasm. Since only one sperm is eventually involved in zygotic formation with a female 10 pronucleus, embryo development with a diploid configuration is ensured. During natural 11 fertilization, the avian egg receives a markedly higher number of sperm than other 12 polyspermic species ( Fig.8.1 ). Although it is technically difficult to calculate the total number 13 of sperm in the germinal disc, it appears likely that, at the lowest estimate, 20 sperm are 14 typically incorporated into an egg (Harper 1904; Patterson 1910 , Fofanova 1965 Nakanishi et 15 al. 1990; Waddington et al. 1998 ). The maximum number of sperm found within the germinal 16 disc was previously reported to be 25 for the pigeon and 62 for the chicken (Harper 1904; 17 Nakanishi et al. 1990 ). Furthermore, more than 70 sperm were detected in the quail egg 18 within 1 hour of fertilization (our unpublished data). 19
The reason why the avian ovum may accept the entry of numerous sperm remained unclear 20 until recently. The findings of recent experiments on birds suggest that the number of sperm 21 incorporated into an egg cytoplasm affects the fate of the egg. The rate of chicken and turkey 22 embryos developing to the blastoderm stage was found to be approximately 50% when 23 approximately 3 sperm penetrated the inner perivitelline layer over the germinal disc region 24 (in this case, the number of sperm that penetrated the egg cytoplasm was estimated to be less 25 than 3), while the probability of egg development was almost 100% when more than 6 sperm 26 penetrated the region (Bramwell et al. 1995; Wishrt 1997) . This finding suggests that the 27 fertilization rate increases when the number of sperm incorporated into an egg is higher. In 28 addition, the direct injection of sperm into the cytoplasm of a mature quail egg, namely, an 29 intracytoplasmic sperm injection (ICSI), directly revealed that a single sperm was insufficient 30 for a high rate of fertilization and subsequent blastoderm development (approximately 20%; 31 1 et al. 2015) . It has been proposed that the purpose of polyspermy is to increase the opportunity 2 of a sperm nucleus migrating to the center of the germinal disc and making contact with the female 3 nucleus because the surface area of the avian germinal disc in relation to that of sperm is very large. 4
However, the ICSI technique revealed that the microinjection of a single sperm together with 5 soluble protein equivalent to multiple sperm induced fertilization and subsequent development 6 up to the blastoderm stage in 70% of eggs tested (Mizushima et al. 2014). Therefore, instead of 7 the frequency of migrating sperm nuclei, an alternative hypothesis in which many spermatozoa 8 are necessary to provide sufficient amounts of sperm-derived egg-activating proteins to ensure 9 the successful initiation of egg development in birds is currently considered the most likely theory 10 (see Sect. 8.2 for more details). On the other hand, there may be a physiological limitation to 11 excessive polyspermy in the avian egg. For example, an increase in the number of sperm that make 12 contact with the ovum by intramagnal insemination, which is greater than the normal numbers of 13 sperm, induces an increase in the frequency of early blastoderm developmental arrest (Van Krey 14 et al. 1966 ). More critically, a recent study showed that cytoplasmic segmentation occurs at a high 15 rate in the absence of nuclear divisions in the germinal discs of quail and chicken ova inseminated calcium carbonate in the infundibulum part of the female reproductive tract in which fertilization 21 occurs and sperm are stored until fertilization, termed the sperm-associated body (SB), was 22 identified in domestic birds, and SB-accompanied sperm only were found to pass through the 23 vitteline membrane (Sultana et al. 2004; Rabbani et al. 2006 Rabbani et al. , 2007 . This SB may contribute 24 physiologically to reducing the number of excessive fertilizing sperm. 25 26
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Egg activation 28
29

Ca 2+ increase during fertilization 30
Physiological polyspermy occurs in oviparous species that exhibit internal fertilization such 31 as cartilaginous fishes, urodele amphibians, reptiles, and birds (Elinson 1986; Iwao 2000; 32 1 initiation of egg development (egg activation) as well as the nucleus because the development 2 of animal eggs is arrested at the species-specific phase of meiosis until fertilization, e.g. at 3 metaphase of second meiosis (metaphase II) in most vertebrate eggs (Stricker 1999) . In all 4 nomospermic and polyspermic animals studied to date, an increase in intracellular Ca 2+ needs to be exposed to a series of repetitive Ca 2+ pulses in order to ensure it escapes meiosis 29 because a number of hours are needed for a lapse between meiotic resumption and the interphase 30 stage. Alternatively, unlike mammals, fertilization in fishes and Xenopus laevis triggers a rapid 31 transition to pronuclear formation (Rugh 1951; Iwamatsu and Ohta 1978) . The short 32 7 post-fertilization phase in these zygotes may obviate the second or more Ca 2+ oscillations (Jones 1 1998). by sperm entry precede the major depolarization mediated by Ca 2+ -activated Clefflux 16 (Talevi 1989 ), suggesting that a non-propagative small Ca 2+ increase occurs at each sperm 17 entry point in advance of the major Ca 2+ wave (Iwao 2012). 18
In birds, a microinjection of SE into an ovulated egg retrieved from the infundibulum or 19 upper part of the magnum revealed a very unique pattern for the increase in [Ca 2+ ]i in the 20 quail egg, which has not been observed in other species ( Fig.8 .2). Its Ca 2+ signal pattern is 21 classified as two different kinds of Ca 2+ waves, namely, a transient, slow wave and multiple, 22 spiral-like oscillations (Mizushima et al. 2014). The slow Ca 2+ wave was observed immediately 23 after the microinjection, and an increase in [Ca 2+ ]i was initiated at the injection site of the 24 germinal disc and its Ca 2+ wave spread concentrically into the egg cytoplasm, but was 25 restricted to the germinal disc. The increase in [Ca 2+ ]i at the injection site continued for 26 approximately 5 min, and then decreased gradually before returning to the basal level within 30 27 min of the microinjection. On the other hand, an initial spiral-like Ca 2+ signal occurred at the 28 injection site 10-15 min after the microinjection, which was prior to the restoration of increases 29 in [Ca 2+ ]i by the Ca 2+ wave to the basal level. Second and further spiral-like Ca 2+ waves 30 originated successively before the disappearance of the previous Ca 2+ spiral with a mean 31 interspike interval of less than 1 min, and its oscillation lasted for at least 3 hours. Furthermore, 32 8 a few Ca 2+ spirals overlapping partially in one egg were found to have complicated waveforms, 1 which markedly differed from the Ca 2+ oscillations observed during mammalian egg activation. 2
It is important to note that these two different [Ca 2+ ]i patterns play different roles in the 3 activation of the quail egg. A slow Ca 2+ wave has the ability to evoke the resumption of meiosis Although the spatiotemporal changes that occur in [Ca 2+ ]i in the avian egg following natural 12 fertilization or in vitro insemination still remain unknown, multiple Ca 2+ spirals appear to be 13 necessary, in part, for a continuous stimulation to complete pronuclei formation besides the cell 14 cycle stimulation ( Fig.8.4 ). 15 16
17
Egg size and sperm number 18
The microinjection of a whole sperm into a mammalian egg (ICSI), which avoids any membrane 19 contact between sperm and the egg, generates a Ca 2+ oscillation similar to that observed during 20 fertilization, and this Ca 2+ oscillation is also triggered by a microinjection of SE corresponding the propagation of a Ca 2+ signal by a single sperm may not reach the whole egg, and, as such, a 10 larger number of sperm than that needed by newts is required for the activation of the whole 11 egg because the size of an avian egg is markedly larger than those of newts ( Fig.8.4 ). 12
Although little is known about the discrepancy that a larger amount of SE (equivalent to 100-200 13 sperm) than that from the 2 to 60+ observed during natural fertilization is required for the full-term vertebrates may contribute to a more detailed understanding of the evolutionary history of egg 1 activation concomitant with the acquisition of polyspermy ( 
Variations in and evolution of the sperm factor 5
The egg-activating factors responsible for increases in [Ca 2+ ]i in eggs are characterized as 6 sperm-specific molecular triggers in all vertebrates studied. Although AH and CS are originally 7 mitochondrial genes involved in the TCA cycle, the molecular weights of proteins detected in 8 sperm are slightly higher for CS and lower for AH than those in body cells (Mizushima et al. 9
2014). Since their predicted amino acid sequences are partially different from those in somatic 10 cells, their sperm-specific isoforms appear to be diversified and specified by gene duplication as 11 an egg-activating factor. The molecular weight of sperm-specific newt CS was also previously 12 shown to be slightly higher than that of other tissues ( potential due to the opening of Clchannels; however, it does not block additional sperm entry 1 (Talevi 1989 ). On the other hand, hyperpolarization mediated by Na + channels in response to each 2 sperm penetration has been indicated in polyspermic newt eggs (Iwao 1985), but does not prevent 3 second sperm penetration (Iwao and Jaffe 1989). Another polyspermy block system, the cortical 4 reaction described above, is well-developed in mammalian eggs (Yanagimachi 1994 On the other hand, the mechanisms by which the movement of the male and female pronuclei 4 forms the zygote nucleus remain obscure in birds. This assures that only one sperm is selected 5 as the principal sperm by some unknown mechanisms and is subsequently paired with the 6 female pronucleus in the center of the germinal disc 3-4 hours after fertilization ( Fig.8.4;  7 Perry 1987). Female metaphase II chromatin is localized in the superficial cytoplasm near the 8 center of the germinal disc when the avian egg is ovulated (Perry 1987); however, even in the 9 presence of numerous sperm, the female pronucleus still occupies a central position (Perry 10 1987), indicating that the selected principal sperm pronucleus appears to move toward the 11 female pronucleus. In fertilized newt eggs, only one sperm nucleus, possibly that nearest to the 12 female nucleus, forms a larger sperm aster than that of accessory sperm, and then makes contact Development of avian ICSI technique has brought us a new schematic diagram in avian 6 fertilization ( Fig.8.3 ). However, new finding such as novel sperm-derived egg-activating 7 factors is only a part of mysterious events of polypsermic fertilization. Therefore, more 8 information will be needed in order to understand the comprehensive molecular mechanism of 9 avian fertilization. Experiments using gene-disrupted animals are very powerful tools for 10 validating which factors are essential, which has also contributed to find novel genes in many 11 species. In particular, in vitro fertilization study is one of the suitable research fields to use 12 gene-manipulated animals. Fortunately, the TALEN and Crisper/Cas 9 systems have opened a 13 new door for avian gene-disruption (see Sect.13 for more details). The combination of avian 14 ICSI and gene-manipulation systems will make a significant progress in our understanding of 15 
